The differential effects of moxifloxacin and levofloxacin on the development of resistance in four Streptococcus pneumoniae isolates were examined by using an in vitro pharmacodynamic model. Therapeutic regimens (moxifloxacin: peak, 4.5 g/ml; half-life [t 1/2 ], 12 h; and levofloxacin: peak, 6 g/ml; t 1/2 , 6 h) were tested against two fluoroquinolone-susceptible isolates (strains 79 and ATCC 49619) and KD2138 and KD2139 (parC and gyrA mutants, respectively, of ATCC 49619). Mutant prevention concentration (MPC)-targeted regimens with modified pharmacokinetics of each drug were simulated to match the area under the concentration-time curve (AUC) above the MPC for the two fluoroquinolones. Moxifloxacin MICs and MPCs (MIC/MPC) for isolates 79, ATCC 49619, KD2138, and KD2139, respectively, were 0.125 and 0.5, 0.125 and 0.5, 0.25 and 8, and 0.25 and 4 g/ml. Levofloxacin MICs and MPCs for the same isolates were 1 and 4, 0.5 and 2, 1 and 64, and 0.5 and 32 g/ml, respectively. Therapeutic levofloxacin concentrations led to isolation of mutants of ATCC 49619 (S79Y in ParC), KD2138 (S81Y in GyrA), and KD2139 (S79Y in ParC). Therapeutic moxifloxacin concentrations against the gyrA mutant KD2139 resulted in outgrowth of a mutant with a ParC substitution (S79Y) but caused no emergence of mutants of the other three isolates. MPC-targeted moxifloxacin (lower-than-normal peak ‫؍‬ 0.75 to 1.5 g/ml, administered at levofloxacin's t 1/2 ) caused growth of a GyrA variant (S81Y) of KD2138 and a ParC variant (S79Y) of KD2139, while no mutants of ATCC 49619 were recovered. MPC-targeted levofloxacin (higher-than-normal peak ‫؍‬ 14.5 to 29.5 g/ml, administered at moxifloxacin's t 1/2 ) against KD2138 and KD2139 did not prevent the development of the mutations observed in therapeutic regimens, but resistance in the fluoroquinolone-susceptible ATCC 49619 was no longer noted. Normalization of the respective AUC/MPC ratios of moxifloxacin and levofloxacin did not eliminate differences in resistance selectivity of the two agents in all cases. We conclude that the reduced recovery of resistant mutants of S. pneumoniae following moxifloxacin exposure compared to levofloxacin may be due to intrinsic differences between the drugs. Increasing the concentration and exposure (t 1/2 ) to exceed the MPC may prevent mutations from occurring in fluoroquinolone-susceptible strains. However, this strategy did not prevent the selection of secondary mutants in strains with preexisting mutations. Further study of the MPC concept to evaluate these relationships is warranted.
Fluoroquinolone resistance in Streptococcus pneumoniae is a growing concern, although present global resistance rates remain low. While the apparent high level of fluoroquinolone susceptibility in S. pneumoniae has led some to express optimism regarding the role of fluoroquinolones in antipneumococcal therapy (32) , concerns about future reductions in susceptibility continue to be expressed (33) . Furthermore, although the overall fluoroquinolone susceptibility of S. pneumoniae remains high, investigators in certain geographic areas have reported alarming increases in fluoroquinolone resistance. For example, Ho et al. reported the results of a multicenter study that found the overall incidence of fluoroquinolone-resistant S. pneumoniae (defined by a levofloxacin MIC of Ն4 g/ml) to be 13.3% in Hong Kong in the year 2000 (12) .
Of particular note are a number of recent reports of fluo-roquinolone resistance found among clinical isolates (3, 8, 12, 13, 16, (34) (35) (36) (37) (38) . For example, Weiss et al. described a nosocomial outbreak of S. pneumoniae resistant to ciprofloxacin (36) , while Urban et al. reported two cases of fluoroquinoloneresistant S. pneumoniae in levofloxacin-treated patients (34) . Cross-resistance to ciprofloxacin, gatifloxacin, grepafloxacin, and trovafloxacin was noted in these isolates. In addition, resistance to gemifloxacin and moxifloxacin was readily obtained by passage on agar containing each of these agents. Given the class-wide fluoroquinolone cross-resistance found in such isolates, it is essential to develop ways to preserve the antimicrobial spectrum of these agents. A multitude of in vitro studies have found that fluoroquinolones possessing a C-8-methoxy (C-8-OMe) substituent are better able to prevent development of resistance than are fluoroquinolones characterized by alternate C-8 moieties (5-7, 11, 14, 15, 18, 20, 21, 39, 41-43) . It is thought that the C-8-OMe functional group confers a dual targeting of topoisomerase IV and DNA gyrase, whereas agents lacking this substituent preferentially inhibit one enzyme or the other. The C-8-OMe substituent also has been shown to increase lethality against wild-type and resistant S. pneumoniae (both ParC and GyrA variants) (19) . The available C-8-OMe fluoroquinolones moxifloxacin and gatifloxacin are potential alternatives to older fluoroquinolones such as levofloxacin, which possess a single topoisomerase target, because of these differences in propensity for mutant selection.
The mutant prevention concentration (MPC) has been proposed as a parameter by which the relative potential for selection of resistant mutants by fluoroquinolones may be assessed (for a review, see reference 40) . For example, Dong et al. found that agents with the C-8-OMe group possessed lower MPC values than did structural analogs differing only by the functionality at this position (7) . Since the MPC is a measure of the MIC using an inoculum size of sufficient magnitude to allow detection of resistant subpopulations, the consequence of such a finding may be that the C-8-OMe fluoroquinolones are more active against isolates possessing preexisting mutations in the genes encoding topoisomerase IV and/or DNA gyrase. This conclusion is supported by the dual-targeting property thought to be fostered by the C-8-OMe functionality. The MPC may represent a way to quantify these attributes.
An additional component of the MPC idea is the concept of the mutant selection window, defined as the range of concentrations between the MIC and MPC. In this concentration interval the selective enrichment of resistant subpopulations is proposed to occur (40) . It has been found in some cases that the C-8-OMe agents possess a narrower mutant selection window than do alternative fluoroquinolones. Additionally, it has been proposed that a fluoroquinolone (or potentially any other antimicrobial) that achieves concentrations exceeding the MPC (and hence, the mutant selection window) throughout therapy will not selectively enrich the growth of resistant organisms. Thus, the MPC may serve as a predictive pharmacodynamic parameter with respect to selection of resistant mutants.
In the present work we compared the in vitro activities of moxifloxacin and levofloxacin against S. pneumoniae isolates possessing mutations in the genes encoding either topoisomerase IV or DNA gyrase, as well as wild-type strains. We also investigated the use of the MPC in pharmacodynamic studies by comparing the activities of MPC-derived concentrations of each antibiotic in an in vitro pharmacodynamic model.
(A portion of this work was presented at the 41st Interscience Conference on Antimicrobial Agents and Chemotherapy, Chicago, Ill., December 2001).
MATERIALS AND METHODS
Bacterial strains. Isolate 79 (penicillin and macrolide resistant; fluoroquinolone susceptible) was obtained from the Detroit Medical Center Microbiology Laboratory, Detroit, Mich., while ATCC 49619 (penicillin, erythromycin, and fluoroquinolone susceptible), KD2138, and KD2139 were obtained from the Public Health Research Institute, Newark, N.J. KD2138 and KD2139 are singlestep laboratory-derived parC and gyrA mutants, respectively, of ATCC 49619 (KD2138 was created through culturing on medium containing 2 g of levofloxacin/ml; KD2139 on medium containing 0.42 g of moxifloxacin/ml) (19) .
Medium. All in vitro pharmacodynamic models were performed using Todd-Hewitt broth (Difco Laboratories, Detroit, Mich.) supplemented with 0.5% yeast extract (THBY). Colony counts for all experiments were determined using tryptic soy agar supplemented with 5% sheep blood (TSA-SRBC; Difco).
Antimicrobial agents. Moxifloxacin (lot 502610) was supplied by Bayer, Pharmaceutical Division, West Haven, Conn. Levofloxacin was commercially purchased. Stock solutions of each antibiotic were freshly prepared on the day of use.
In vitro susceptibility testing. MICs were determined by microdilution techniques with an inoculum of 5 ϫ 10 5 CFU/ml according to NCCLS guidelines (23) . Minimum bactericidal concentrations (MBCs), defined as a 99.9% kill of the starting inoculum, were determined by performing colony counts on microtiter wells showing no visible growth.
MPC determinations. Each isolate was inoculated on a total of 10 TSA-SRBC plates and was incubated at 37°C in 5% CO 2 . The resulting confluent lawn of growth was recovered from all plates, transferred to 500 ml of THBY, and incubated for an additional 18 to 24 h. Cultures were then concentrated by centrifugation (5,000 ϫ g for 30 min), and cells were resuspended in THBY to yield a concentration of 10 10 to 10 11 CFU/ml. Next, 100 l of this suspension was applied to TSA supplemented with 0.5% lysed horse blood (Rockland, Inc., Gilbertsville, Pa.) containing a known concentration of each fluoroquinolone. A total of 10 plates were utilized per concentration, and a series of at least seven twofold dilutions of each fluoroquinolone in agar were prepared. Inoculated fluoroquinolone-impregnated plates were incubated for 96 h, at which time the MPC was recorded as the lowest fluoroquinolone concentration completely inhibiting bacterial growth. All MPC determinations were performed in duplicate.
Inoculum preparation. Colonies recovered after an overnight incubation on TSA-SRBC were added to THBY to obtain a suspension corresponding to a 10 10 -CFU/ml inoculum. The contents of several plates were used to accomplish this. An aliquot of this suspension was then added to each model in order to achieve the desired initial inoculum.
In vitro pharmacodynamic model. An in vitro pharmacodynamic model consisting of a one-compartment 500-ml glass chamber (working model volume, 250 ml) with multiple ports for the removal of THBY, delivery of antibiotics, and collection of bacterial and antimicrobial samples was utilized (1) . All model simulations were conducted over 48 h and were performed in duplicate to ensure reproducibility. Each apparatus was placed in a 37°C water bath for the duration of the experiment, with a magnetic stir bar in each model to facilitate continuous mixing of medium. A peristaltic pump (Masterflex; Cole-Parmer Instrument Co., Chicago, Ill.) was used to continually replace antibiotic-containing medium with fresh THBY (at a rate to simulate the half-lives [t 1/2 ] of respective antibiotics).
Fluoroquinolone regimen simulations. Regimen simulations of each fluoroquinolone used in the in vitro pharmacodynamic model are described below and a Adjusted total (non-protein-bound) peak concentration. b Adjusted peak (free concentration) after protein binding (moxifloxacin, 50%; levifloxacin, 31%) of each fluoroquinolone considered. c Dose (in milligrams) corresponding to adjusted total (non-protein-bound) peak concentration (usual therapeutic doses for moxifloxacin, 400 mg; and for levofloxacin, 500 mg).
d MXF, moxifloxacin. e LEV, levofloxacin.
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in Table 1 . Therapeutic regimens (simulations of concentrations obtained with usual therapeutic dosing) were as follows: moxifloxacin, 400 mg every 24 h (estimated peak concentration, area under the concentration-time curve [AUC], and t 1/2 , 4.5 g/ml, 48 h, and 12 h, respectively) (U.S. prescribing information for Avelox, available at http://www.avelox.com); levofloxacin, 500 mg every 24 h (6 g/ml, 48 h, and 6 h) (U.S. prescribing information for Levaquin, available at http://www.levaquin.com). In addition, in order to test the idea that intrinsic differences between the two fluoroquinolones contribute to resistance selection, modified (MPC-targeted) regimens were designed to match the AUC/MPC ratios of moxifloxacin and levofloxacin. For MPC-targeted models of levofloxacin, models were designed so that levofloxacin was given moxifloxacin's elimination t 1/2 , and the peak concentration (and resulting AUC) was then adjusted in order to match the AUC/MPC attained by the therapeutic moxifloxacin regimen against each isolate. MPC-targeted moxifloxacin models were designed in the same manner (Table 1) . When designing our MPC-targeted simulations, we chose to first alter the elimination t 1/2 (administering each fluoroquinolone with its comparator's elimination t 1/2 ) and then modify only the peak concentration (dose) in each simulation. This was done in order to more accurately match the exposure relative to the MPC attained by moxifloxacin and levofloxacin. Of note, peak concentrations in all MPC-targeted moxifloxacin models were lower than those attained in the corresponding therapeutic simulation, while peak concentrations in all MPCtargeted levofloxacin regimens were higher than those attained in the corresponding therapeutic regimen. Thus, all MPC-targeted models favored levofloxacin.
Pharmacokinetic analysis. Fluoroquinolone concentrations were determined from samples drawn in duplicate from each model at 0, 0.5, 1, 2, 4, 6, 8, 24, 28, 32, and 48 h. Samples were stored at Ϫ70°C until analysis. Peak and trough concentrations and t 1/2 were calculated using concentration-time plots of the model samples. The AUC from 0 to 24 h was calculated using the linear trapezoid method and the PKANALYST program (version 1.10; MicroMath Scientific Software, Salt Lake City, Utah).
Pharmacodynamic analysis. Samples from each model were collected at 0, 1, 2, 4, 6, 8, 24, 28, 32, and 48 h and were serially diluted in cold 0.9% sodium chloride. Bacterial quantification was performed by plating triplicate 20-l aliquots of each diluted sample on TSA-SRBC. All samples were diluted 10-to 100-fold before plating in order to minimize antibiotic carryover. In cases where the diluted sample contained a fluoroquinolone concentration at or near the MIC, antibiotic carryover was also prevented by addition of antibiotic-binding resin (Amberlite; Sigma Chemical Co., St. Louis, Mo.). Plated samples were incubated at 37°C for 24 h, and colony counts (log 10 CFU per milliliter) were determined manually. The limit of detection for this method of colony count determination is 2 log 10 CFU/ml. Time-kill curves were determined by plotting mean colony counts (log 10 CFU per milliliter) from each model versus time. Bactericidal activity (99.9% kill) was defined as a reduction of Ն3 log 10 CFU/ml from the initial inoculum. Reductions in colony counts were determined over a 48-h period and were compared between regimens. The time to achieve 99.9% killing was determined by using linear regression (if r 2 Ն 0.95) or by visual inspection.
Antibiotic assays. Moxifloxacin and levofloxacin concentrations were determined through bioassay using antibiotic assay medium 1 (Difco) and Klebsiella pneumoniae ATCC 33495 as the indicator organism. The limit of detection was 0.31 g/ml. Coefficients of variation for all assays were less than 10%.
Detection of resistance. Samples (100 l) from each time point were plated on TSA supplemented with 0.5% lysed horse blood containing an antibiotic concentration of four to eight times the MIC for each organism and were incubated for 48 h at 37°C to monitor the development of resistance. Plates were visually inspected for growth of resistant subpopulations after 24, 32, and 48 h of incubation. The MIC for resistant organisms was determined using Etest methods (AB Biodisk, Solna, Sweden) in order to detect all possible MIC elevations. The MIC for resistant isolates was also determined through microdilution using the common efflux pump substrates acriflavine (ACR), benzalkonium chloride (BAC), ethidium bromide (EtBr), and tetraphenylphosphonium (TPP) (as well as the fluoroquinolone by which resistance was selected) in the presence or absence of 20 g of reserpine (Sigma)/ml to test for the presence of effluxmediated resistance.
PCR procedures. Original isolates (before model exposure) and any isolates displaying an MIC elevation after fluoroquinolone exposure were subjected to PCR analysis (as well as quinolone resistance-determining region [QRDR] sequencing; see below). Codons 46 to 172, 371 to 512, 35 to 157, and 398 to 483 of gyrA, gyrB, parC, and parE, respectively, encompassing the QRDR of each gene, were amplified from genomic DNA by using primers and PCR parameters as previously described (9, 10, 22, 24, 25, 30, 31). Primer sequences used for PCR analyses were 5Ј-CCGTCGCATTCTTTACG and 5Ј-AGTTGCTCCATTA ACCA (gyrA), 5Ј-TTCTCCGATTTCCTCATG and 5Ј-AGAAGGGTACGAAT GTGG (gyrB), 5Ј-TGGGTTGAAGCCGGTTCA and 5Ј-TGCTGGCAAGACC GTTGG (parC), and 5Ј-AAGGCGCGTGATGAGAGC and 5Ј-TCTGCTCCA ACACCCGCA (parE). For all QRDR amplifications, PCR parameters were 94°C for 1 min, 55°C for 1 min, and 72°C for 3 min for 30 cycles.
DNA sequence determinations. Nucleotide sequences were determined by the dideoxy chain termination method, using the Applied Biosystems 377 capillarybased automated system (Perkin-Elmer Applied Biosystems, Inc., Foster City, Calif.) (29) . Sequencing of two independently generated PCR products was performed to control for polymerase-induced errors.
Statistical analysis. Differences between regimens with respect to the value for log 10 CFU/ml at 48 h, time to 99.9% kill, the emergence of resistance, and all pharmacodynamic variables were determined using analysis of variance with Tukey's test for multiple comparisons. In addition, all pharmacodynamic parameters (AUC/MIC, AUC/MPC, peak/MIC, peak/MPC, t Ͼ MIC, t Ͼ MPC, and MIC Ͻ t Ͻ MPC [time spent within the mutant selection window]) were correlated with the change in inoculum over 48 h and time to 99.9% kill by using linear regression, while correlation with the emergence of resistance was performed by logistic regression. For all experiments, a P of Յ0.05 was considered indicative of statistical significance. All statistical analyses were performed by using Statistical Package for the Social Sciences (version 10; SPSS, Inc., Chicago, Ill.).
RESULTS

Susceptibility testing and MPC determinations.
The MIC, MBC, and MPC for each isolate are shown in Table 2 . Values for all strains were lower for moxifloxacin than for levofloxacin. Of note, MPCs did not correlate with either the MIC or MBC for either fluoroquinolone.
Pharmacokinetics. Observed pharmacokinetic parameters (plus or minus standard deviation) for the tested therapeutic regimens were as follows: peak, trough (both in micrograms per milliliter), and t 1/2 (in hours): moxifloxacin: 4.90 Ϯ 0.10, 1.38 Ϯ 0.29, and 13.57 Ϯ 0.50; and levofloxacin, 5.77 Ϯ 0.06, 0.36 Ϯ 0.09, and 6.03 Ϯ 0.51. Pharmacokinetic parameters for all other regimens were within 10% of expected values.
Pharmacodynamics. Results of 48-h pharmacodynamic models for the tested isolates are shown in Fig. 1 and 2 . In general, adjustment of moxifloxacin pharmacokinetics to mimic therapeutic levofloxacin concentrations resulted in diminished killing, while adjustment of levofloxacin to mimic therapeutic moxifloxacin concentrations led to enhanced killing.
As shown in Fig. 1A , the therapeutic moxifloxacin regimen achieved bactericidal activity against isolates 79 (at 8 h), ATCC 49619 (at 24 h), and KD2138 (parC mutant) (at 48 h). Bactericidal activity was observed at 28 h against KD2139 (gyrA mutant), but regrowth was noted at 48 h. The therapeutic levofloxacin regimen (Fig. 1B) was bactericidal against isolates 79 (at 24 h), ATCC 49619 (at 8 h), and KD2138 (parC mutant) (at 48 h). Figure 2A and B show the results of MPC-targeted regimens. As shown in Fig. 2A , moxifloxacin (adjusted to mimic the AUC/MPC obtained by the therapeutic levofloxacin regimen) achieved bactericidal activity only against ATCC 49619 (at 28 h) and against KD2138 (parC mutant) (at 48 h). MPCtargeted levofloxacin (adjusted to mimic the AUC/MPC obtained by the therapeutic moxifloxacin regimen) ( Fig. 2B) Tables 4 and 5 list QRDR sequencing and efflux screening results for all isolates. Moxifloxacin (both therapeutic and MPC-targeted models) did not lead to expression of resistance in isolate 79 or ATCC 49619. The therapeutic moxifloxacin regimen also failed to lead to resistance in KD2138 (parC mutant); however, the MPC-tar- (Table 4 ). Levofloxacin (both therapeutic and MPC-targeted models) also did not lead to resistance in isolate 79 (Table 5 ). However, the therapeutic levofloxacin regimen led to a twofold MIC increase in the control strain ATCC 49619 (corresponding amino acid substitution, S79Y in ParC). The MPC-targeted levofloxacin model (adjusted to mimic the AUC/MPC attained by the therapeutic moxifloxacin regimen; resultant peak, 14.5 g/ml) did not lead to outgrowth of a resistant variant of ATCC 49619. For strain KD2138 (parC mutant), both levofloxacin models (therapeutic and MPC targeted) resulted in outgrowth of an isolate with an approximate 21-fold MIC increase and expression of a GyrA substitution (S81Y). For isolate KD2139 (gyrA mutant), both levofloxacin models (therapeutic and MPC targeted) selected a mutant expressing a substitution in ParC (S79Y) associated with an approximate 42-fold elevation in MIC.
As shown by the presence of fourfold-or-greater decreases in MIC with the addition of reserpine to the efflux pump (Tables 4 and 5 ). Efflux of moxifloxacin and levofloxacin, however (by either parent isolates or their resistant derivatives), was not detected in our assays. The parameters AUC/MIC (r 2 ϭ 0.502), AUC/MPC (r 2 ϭ 0.571), peak/MIC (r 2 ϭ 0.496), peak/MPC (r 2 ϭ 0.391), t Ͼ MPC (r 2 ϭ 0.529), and MIC Ͻ t Ͻ MPC (r 2 ϭ 0.261) correlated with the inoculum change from 0 to 48 h (P Յ 0.05). None of these parameters in these experiments were associated with time to 99.9% kill or with the emergence of resistance.
DISCUSSION
Fluoroquinolones are widely utilized in the treatment of streptococcal infections due to their excellent activity and ease of use; however, recent reports of diminished susceptibility have raised concerns regarding the future utility of these agents (3, 8, 12, 13, 16, (34) (35) (36) (37) (38) . Thus, attention is being directed towards optimization of fluoroquinolone activity and resistance prevention through use of pharmacodynamically derived dosing strategies. The MPC is presently receiving notice as a potential pharmacodynamic parameter whose use may play a role in slowing the selective enrichment of resistant mutants by the fluoroquinolones.
Although the MPC has been proposed as a means to construct a hierarchy of available fluoroquinolones with respect to their potential for selection of resistant organisms (2), little work evaluating the pharmacodynamic applicability of the MPC has been performed. It has been suggested that maintenance of antimicrobial concentrations within the mutant selection window will lead to enrichment of resistant subpopulations (40) . Ideally, then, optimization of antimicrobial dosing from the standpoint of resistance prevention would necessitate maintenance of supra-MPC concentrations for the maximum time possible.
In order to investigate the possibility that moxifloxacin and levofloxacin inherently differ in their ability to prevent enrichment of resistant subpopulations, we chose to match the pharmacodynamics of the two agents with respect to the MPC. This was done by devising MPC-targeted regimens of each fluoroquinolone that attained an AUC/MPC equivalent to that attained by the therapeutic regimen of the comparator fluoroquinolone. It should be noted that our normalized MPC-targeted regimens for each agent were vastly different from those used therapeutically (Table 1) .
For the fluoroquinolone-susceptible control strain ATCC 49619, therapeutic levofloxacin concentrations led to outgrowth of a parC mutant. Adjustment of levofloxacin concentrations to match the AUC/MPC of moxifloxacin for this isolate overcame this result (although the peak concentration used in this MPC-targeted levofloxacin regimen is not attainable clinically). Neither moxifloxacin regimen (therapeutic or MPC-targeted concentrations) resulted in isolation of resistant mutants of ATCC 49619. We were unable to obtain mutant derivatives of clinical isolate 79 in any simulation performed with either moxifloxacin or levofloxacin; it was previously found (using an inoculum approximately 10,000-fold lower than that used in the present models) that this isolate did not readily express resistance upon fluoroquinolone exposure (4) .
All levofloxacin regimens led to outgrowth of resistant subpopulations when tested against the mutant isolates KD2138 (parC) and KD2139 (gyrA). Against KD2138, the MPC-targeted moxifloxacin regimen (with a peak concentration sixfold less than that obtained with usual therapeutic dosing) led to outgrowth of a GyrA variant, while therapeutic moxifloxacin concentrations did not. In contrast, both moxifloxacin regimens (therapeutic and MPC targeted) led to selection of a ParC variant of the gyrA mutant KD2139.
Regarding the utility of the MPC as a pharmacodynamic parameter, we failed to determine a consistent breakpoint value for either t Ͼ MPC, peak/MPC, or AUC/MPC that was predictive of the emergence of resistance. We found that the parameters AUC/MIC, AUC/MPC, peak/MIC, peak/MPC, t Ͼ MPC, and MIC Ͻ t Ͻ MPC correlated with the population reduction over 48 h, but these parameters were not associated with either time to 99.9% kill or the emergence of resistance. Elucidation of a statistical relationship supporting the use of the MPC as a predictive parameter may be obtained with analysis of a greater number of isolates and/or dosing regimens; this work was not the primary goal of the present re- A potential limitation to our results is the failure in some instances to reach the targeted inoculum of 10 9 to 10 10 CFU (both in MPC determinations and model experiments). This is a common problem when studying the MPC in S. pneumoniae, since autolysis by this organism often limits the inoculum that is obtained (2) . However, our finding of MIC elevations at the conclusion of our model simulations leads us to believe that we achieved an inoculum size sufficient to contain resistant subpopulations.
It is thought that the C-8-OMe functionality of moxifloxacin confers a dual targeting of topoisomerase IV and DNA gyrase, thus helping to explain the effect of this functional group in restricting selection of resistant organisms (11, 26, 27) . Levofloxacin, in contrast, appears to preferentially target topoisomerase IV in S. pneumoniae. This, along with the enhanced lethality of moxifloxacin against mutant variants of S. pneumoniae (19) , may explain our finding that moxifloxacin and levofloxacin differed in their ability to prevent further resistance in the parC mutant. In contrast, the presence of a preexisting gyrA mutation (KD2139) negated this difference (although the magnitude of MIC elevation observed in moxifloxacin-resistant mutants of KD2139 was lower than that seen in levofloxacinresistant mutants of this strain). The recessive nature of gyrase mutations (as opposed to topoisomerase IV mutations, which are codominant) may also contribute to the differences in resistance selectivity between the two agents (17) . Of note, we cannot definitively conclude that the presence or absence of the C-8-OMe moiety is the factor explaining our findings of differential resistance selection by moxifloxacin and levofloxacin. However, this idea is consistent with research performed by other investigators (5-7, 11, 14, 15, 18, 20, 21, 39, 41-43) .
It is noteworthy that emergence of resistant subpopulations occurred more readily when isolates containing preexisting mutations (either in parC or gyrA) were exposed to the fluoroquinolones. This is consistent with the stepwise development of fluoroquinolone resistance that is known to occur. This finding has potential clinical implications, since the emergence of S. pneumoniae possessing first-step fluoroquinolone mutations may be the initial step in the proliferation of fluoroquinolone-resistant S. pneumoniae and since such organisms are generally not detected by standard susceptibility testing (28) . Our research shows that prevention of the development and/or proliferation of first-step fluoroquinolone mutants is an important goal that may limit the emergence of further resistance.
In conclusion, we found that moxifloxacin is superior to levofloxacin in preventing enrichment of resistant subpopulations contained within a large inoculum of S. pneumoniae. This disparity was noted in both a fluoroquinolone-susceptible isolate containing no preexisting target site mutations, as well as a parC mutant, while the difference in prevention of resistance was less evident in the case of a gyrA mutant. Increasing levo-floxacin concentrations in order to exceed the MPC was effective in preventing the selection of mutants of the fluoroquinolone-susceptible strain. For the parC and gyrA mutants, however, our MPC-targeted levofloxacin regimens did not lead to concentrations exceeding the MPC, so further study of the influence of supra-MPC concentrations is required. Our results may have implications for the future role of fluoroquinolones in the therapy of infections caused by S. pneumoniae.
